Substrate-based GaAs solar cells having a dense Au/Cu front contact grid with 45% surface coverage were exposed to accelerated life testing at temperatures between 200 and 300 • C. TEM analysis of the front contacts was used to gain a better understanding of the degradation process. During accelerated life testing at 200 • C only intermixing of the Au and Cu in the front contact occurs, without any significant influence on the J-V curve of the cells, even after 1320h (55 days) of accelerated life testing. At temperatures ≥ 250 • C a recrystallization process occurs in which the metals of the contact and the GaAs front contact layer interact. Once the grainy recrystallized layer starts to approach the window, diffusion via grain boundaries to the window and into the active region of the solar cells occurs, causing a decrease in V oc due to enhanced non-radiative recombination via Cu trap levels introduced in the active region of the solar cell. To be a valid simulation of space conditions the accelerated life testing temperature should be < 250 • C in future experiments, in order to avoid recrystallization of the metals with the GaAs contact layer.
Introduction
In recent years thin-film, III-V solar cells prepared by the epitaxial lift-off (ELO) technique 1,2 have displayed their potential by demonstrating efficiencies equal to those of cells on a growth substrate 3, 4 . As a result of photon confinement 5, 6 efficiencies even exceeding those of cells on their native epitaxial growth substrate can be obtained 7, 8 . Such flexible, high-efficiency, thin-film solar cells find a potential application in solar panels for space missions 9 , where launch costs can be significantly reduced due to the lower weight of thin-film panels. The replacement of the expensive growth substrate with a flexible carrier can reduce the weight by approximately 25% on cell level. Additional weight reduction can be accomplished by replacing the rigid cover glass with a flexible coating 10, 11 and implementing a new lightweight support to replace the currently used rigid aluminium honeycomb support. In theory this allows for a total weight reduction of more than 75% 11 . Additional cost reductions are possible since ELO allows for re-use of the expensive growth substrates 12, 13 and there is the possibility to grow multiple devices on the same wafer and peeling them off separately one by one 14, 15 . However, space is an extreme environment (for example high vacuum, harsh UV irradiation, charged particle radiation, atomic oxygen and thermal cycling 16 ), which provides additional challenges in solar panel design. One of these concerns the flexible carrier for the solar cells. The thin-film cells might be mounted on a plastic substrate. However, plastics and glues are primarily made of organic polymers, which are known to be mostly incompatible with the space environment 10, 11 . Another option is the use of a flexible metal foil carrier, for which copper is the favoured choice 12, 17, 18 , as it is both relatively cheap and chemically resistant in post ELO processing.
Nevertheless copper also poses a potential risk, as it is known to be a fast diffuser in many semiconductors [19] [20] [21] [22] [23] [24] [25] [26] [27] and tends to create a mid band gap trap level 28 . These two characteristics have a potentially detrimental effect on solar cell performance. Unfortunately, most of the available literature describes copper diffusion in bulk semiconductor material at high temperatures (> 500 • C). There is only limited literature available on the effects of copper in actual devices and it mostly describes the effects of deliberate copper doping or contamination [29] [30] [31] [32] , rather than the effect of gradual diffusion over time.
In addition to the potentially harmful effect of copper diffusion, interaction between the Cu carrier, the Au contact and the GaAs contact layer may affect solar cell degradation as well. The AuCu phase diagram shows that Au and Cu may form Au 3 Cu, AuCu and AuCu 3 at temperatures below 410 • C 33 . Interaction between GaAs and Au is unlikely to occur according to Tsai and Williams 34 and the calculated phase diagram of Cu and GaAs shows that Ga x Cu y and Cu a As b compounds may be formed 35 . Unfortunately, calculating or predicting how GaAs, Au and Cu interact at various temperatures and gradually over time is complex if at all possible, as it is difficult to predict which compounds form at what temperatures.
With space applications in mind, it is important to gain a better understanding of gradual copper diffusion in III-V semiconductor devices and interactions between the contact metals and the semiconductor materials in order to reveal the underlying mechanisms which ultimately result in device failure. Better understanding of the degradation mechanisms is required to be able to develop optimal solutions for, or alternatives to, the Cu foil carrier.
Out of the harsh conditions encountered in space high energy particle irradiation and temperature cycling might be expected to be relevant for the diffusion process, as high energy particle irradiation induces defects 36 and the diffusion is expected to depend on the presence of defects such as vacancies 21 and diffusion is temperature dependent. In a previous study 37 it was found that heat treatments indeed induce Cu diffusion, but no influence of electron irradiation on the diffusion process was observed. Therefore subsequent research was focussed primarily on investigating the temperature dependent degradation mechanism(s) causing solar cell degradation as a result of copper diffusion.
As the thin-film ELO solar cells eventually have to operate properly for at least 10 to 15 years in space, an accelerated ageing process is necessary to speed up the diffusion process for testing purposes. Since diffusion is exponentially dependent on temperature (D=D 0 exp(-E a /kT)), accelerated life testing (ALT) offers a suitable approach. ALT assumes that operation for a long period of time at a relatively low temperature is equal to operation for a short period of time (few hours) at a higher temperature. This can be described with the following equation 38 :
in which k is the Boltzmann constant, E a the activation energy, T op the regular operation temperature, T acc the accelerated test temperature and t op and t acc the exposure times to the corresponding temperatures. The main difficulty with this generally applied method is that activation energy determination is difficult and hence there are very few activation energies reported for solar cell degradation [38] [39] [40] [41] increases. This study utilizes initial ALT of 4h at 300 • C, which covers all three scenarios (GEO, LEO and extreme) if the more optimistic E a of 1.02eV reported in a study conducted by Nuñez et. al 38 is used. Subsequently the test could be extended to 10, 44 or 66 hours in further experiments whenever required 37 . Unfortunately ELO cells appear to be incompatible with the accelerated ageing test at temperatures ≥ 200 • C 37 . This is most likely due to the significant differences in thermal expansion coefficient between the GaAs solar cell (5.4*10 −6 K −1 ) on the one hand and gold (14.2*10 −6 K −1 ) and copper (16.5*10 −6 K −1 ) contact/carrier on the other, which eventually causes stress and cracks in the semiconductor. Therefore an adapted substrate based cell design has been developed 37 . In the normal ELO thinfilm cells the copper foil is applied at the back. This is not a suitable choice for the substrate based cells as the copper would have to diffuse through a few hundred microns of substrate before reaching the active region of the solar cell. Thus the copper has to be applied on the front contact of the solar cells. However, the front contact grid typically covers only a few percent of the surface, which is not comparable to the fully covered back surface in an ELO cell. As it is also not possible to cover the front surface completely with copper (light would no longer be able to enter the cell), a grid pattern with 45% coverage was used for the front contact. This allows for proper operation of the device and at the same time places a sufficient fraction of the active cell structure in close contact with a copper layer.
In order to elucidate the failure mechanism of GaAs solar cells with copper metallization, several accelerated life tests were performed. Based on the evaluation of the cell performance by J-V measurements and TEM analysis of the cells, a low temperature and a high temperature degradation mechanism of the copper contacts are proposed in this study. 
Materials and methods
Solar cell structures as depicted in figure 1 were grown in an Aixtron 200 MOCVD reactor on 2 inch Zn-doped p-type GaAs substrates ((1 0 0) 2 • off towards [1 1 0] ). An Au/Cu front grid contact with 45% surface coverage (see figure 2 ) was applied us-ing photolithography and e-beam evaporation. The Au layer was kept at a constant thickness of 100nm while the thickness of the copper layer was varied between 0 and 1000nm. After metallization 6mm x 6mm solar cells were created using a MESA etch. figure 2 ) was applied by e-beam evaporation. Subsequently all solar cells were characterized by J-V measurements at 25 • C under 1 sun AM1.5 illumination using an Abet Sun 2000 solar simulator in combination with Tracer 3.0 software from ReRa solutions. Sets of two solar cells were exposed to ALT in a N 2 atmosphere in either a rapid thermal annealing (RTA) furnace or a tube oven. In the RTA furnace the cells were exposed to a temperature of 200, 250 or 300 • C for a stepwise increasing time (4 x 15 minutes followed by 6 x 30 minutes) up to a total of 4h. In the tube oven the cells were exposed to a temperature of 300 • C for 4h. With sets of 3 cells a stepwise long duration experiment (steps of 88h, 128h, 672 and 432h) was conducted in a vacuum oven at 200 • C for a total of 1320h (55 days). Assuming E a equals 0.70eV the first step equals 4h at 300 • C, step 1 and 2 a GEO mission, step 1, 2 and 3 a LEO mission and all four steps the extreme scenario of 15 years at 100 • C.
After each ALT step the cells were again characterized by J-V measurements. No significant differences in results were observed between cells annealed stepwise up to a total of 4 hours in the RTA furnace and cells annealed in a single step of 4 hours in the tube oven.
Based on the results of the ALT, cells were selected for transmission electron microscopy (TEM) analysis. These solar cells were covered with a thin Pt protection layer. A cross-section was made and then thinned using focused ion beam milling to allow for cross-sectional TEM analysis of the front contacts. TEM images were obtained with a FEI Titan G2 microscope equipped with EDX analysis tools to determine the composition of the visualized structures. 
Results and Discussion

Transmission electron microscopy
In figure 3 the J-V curve of an as processed cell (i.e. not subjected to ALT) with an Au (100nm) / Cu (500nm) front contact and a TEM image of the front contact of the same cell are shown. With a short-circuit current density J sc (current at zero voltage) of 15.3mA/cm 2 , an open-circuit voltage V oc (voltage at zero current density) of 1015mV and a fill factor (measure for the squareness of the curve) of 83.4% the as processed cell has excellent J-V characteristics (see figure 3a) . J sc may appear to be low (typical values being in the order of 25-30mA/cm 2 ), but this is only related to the 45% coverage of the front contact. The TEM image in figure  3b shows that the front contact in the as processed cell consists of well defined GaAs, Au and Cu layers, with smooth interfaces between them. The mono-crystalline GaAs contact layer shows no distinct features. The gold layer appears quite dark, but shows some slightly lighter coloured areas suggesting the presence of a multi-crystalline material. The colour differences in the Cu layer indicate that several large Cu domains with different orientation are present.
The effect of increasing ALT temperatures on the front contact is illustrated in figure 4 . In figures 4b-4d TEM images of the front contact after 4h ALT at respectively 200, 250 and 300 • C are shown. In figure 4a the J-V curves of these cells are plotted together with the J-V curve of an as processed cell. Although the differences in the J-V curves after ALT are small, the TEM images in figures 4b-4d show a huge transformation in the morphology of the front contacts. After 4h ALT at 200 • C the contact morphology (see figure 4b) is only slightly different compared to that of the as processed cell (see figure 3b) . The interface between Au and Cu is no longer smooth and some grains appear to have formed at the interface, while the Au-GaAs interface is still intact and the Cu domains in the Cu layer are still visible. After ALT at 250 • C (see figure 4c ) only a small part of the polycrystalline Cu layer remains, while the largest part of it, together with the Au layer, now have formed a grainy structure in which the individual Au and Cu layers are no longer distinguishable. The interface between the metal and GaAs appears slightly less smooth, though the GaAs contact layer is not noticeably thinner. EDX analysis (not shown here) indicates that there are traces of As present at the bottom of the metal layer, indicating that interaction between the metals and the GaAs starts to occur. After 4h ALT at 300 • C the entire Cu layer has disappeared, the interface between the GaAs contact layer and the metals has become undulated and the GaAs contact layer is on average only 160nm thick. Hence part of the GaAs contact layer has interacted with the metals, which is confirmed by the EDX measurements.
The effect of increasing Cu thickness on the front contact is illustrated in figure 5 . In figures 5b-5d TEM images of the front contacts after 4h ALT at 300 • C are shown for cells with respec- tively 500, 750 and 1000nm Cu in the front contact. The J-V curves of these cells are plotted together with the curve of an as processed cell in figure 5a. The TEM pictures in figures 5b-5d show an interesting trend. For the cell with an Au (100nm) / Cu (500nm) front contact after ALT (see figure 5b) , the Au and Cu have interacted with the GaAs contact layer as the latter is significantly thinner (∼140nm) than the 300nm that was deposited during cell growth (note that figures 4d and 5b are images from different cells). For the cell with 750nm Cu in the front contact (see figure 5c ) the GaAs layer thickness has decreased to only ∼50nm and for the cell with 1000nm Cu in the front contact (see 5d) the recrystallized Au-Cu-GaAs layer extends all the way to the window and at some places it even seems to protrude the window. The window is implemented to minimize surface recombination of minority carriers, large surface recombination rates cause a reduction in J sc . As J sc does not decrease, it seems unlikely that the recrystallized layer actually penetrated through the window.
Combining the information from J-V and TEM analysis it appears that once the recrystallized layer starts to approach the window the V oc starts to drop. As the recrystallized layer introduces additional grain boundaries which are known to be very efficient diffusion pathways 43 it seems reasonable to assume that due to recrystallization Cu atoms can diffuse rapidly from the top of the contact (almost) to the window layer. From there the Cu atoms can diffuse into the active region of the cell, where they introduce trap levels which cause a reduction in V oc . The window appears to block the recrystallization process, but the decrease in V oc shows that Cu diffusion can still proceed.
It is now interesting to see what the effects of long ALT at low (200 • C) temperature are. In figure 6a the J-V curves are plotted for an as processed cell with 500nm Cu in the front contact and of the same cell after 1320h of ALT at 200 • C. In figure 6b the TEM image of the front contact of the 500nm Cu cell after 1320h ALT at 200 • C is shown. Figure 6a shows that upon ALT J sc remains constant at 15.4-15.5mA/cm 2 , that V oc decreases a little from 1015mV to 997mV and that FF decreases from 82 to 77%. The shape of the J-V curve shows that the parallel resistance of the sample has decreased. This decrease in parallel resistance is only observed for cells with 5.0*10 18 cm −3 Si-doped front contact layers as used in this study. Additional experiments using cells with differently doped front contact layers (Si-or Te-doped, carrier concentrations between 2.5*10 18 and 1.6*10 19 cm −3 ) exposed to the same test do not show this behaviour. This indicates that the decrease in R p is not necessarily caused by merely the presence of Cu, but critically depends on the interplay of all the layers of the cell interface.
The TEM image in figure 6b shows intermixing of the Au and Cu layers, but the distinct grainy structure observed after 4h ALT at temperatures ≥250 • C has not formed. In this respect the sample shows more resemblance to the cell exposed to 4h ALT at 200 • C (see figure 4b) . The interface between the Au/Cu and GaAs layers is no longer smooth. As the thickness of the GaAs contact layer is still approximately 300nm (as observed in other TEM images not shown here) only a very small amount of GaAs may have recrystallized with the metals. EDX analysis shows no signs of either Ga or As in the metal layer, indicating that this is indeed the case.
Degradation mechanism
Based on the TEM images and J-V curves two degradation mechanisms can be distinguished, one that occurs at relatively low ALT temperatures (< 250 • C) and one that takes place at higher ALT temperatures (≥250 • C). The two mechanisms are schematically depicted in figure 7 . Initially, as processed solar cells with Au/Cu front contacts have a contact microstructure that consists of well defined layers of GaAs, Au and Cu with smooth interfaces be- tween them. The GaAs layer is monocrystalline, the Cu layer is polycrystalline containing large grains with different orientations, the crystallinity of the Au layer cannot be established from the TEM image in figure 3b , but is most likely also polycrystalline.
After ALT at a relatively low temperature (<250 • C, see left hand side of figure 7 ) the Au and Cu layers start to intermix. Initially the Au-GaAs interface remains intact, as well as the majority of the Cu grains. The intermixing of the Au and Cu layers proceeds with increasing ALT time, eventually resulting in an intermixed Au/Cu layer with a diffuse Cu layer above it. The metalGaAs interface becomes slightly undulated, but no evidence of recrystallization of the GaAs contact layers with the metals can be found in EDX analysis. The intermixing process has no significant influence on the J-V curve of the solar cell, even after 1320h at 200 • C the decrease in V oc is only a few percent, which is similar to the degradation observed for Au contacted cells after the same ALT procedure.
At higher temperatures (≥250 • C, see right hand side of figure  7 ) the intermixing of Au and Cu proceeds more rapidly and eventually a second degradation mechanism starts to occur. Once Cu atoms reach the metal-GaAs interface, Cu starts to recrystallize with the GaAs contact layer. Gradually the contact layer (almost) completely recrystallizes with the contact metals until the recrystallization process is blocked by the AlInP window. The progressing of the recrystallization process coincides with a decrease in the V oc of the solar cells (see figure 5 ). The recrystallized layer shows a distinct grainy structure with well defined grain boundaries. As grain boundaries are known to be very efficient diffusion pathways 43 , any Cu left at the top of the recrystallized layer can diffuse rapidly via these grain boundaries to the remaining contact layer and AlInP window and from there into the active region of the solar cell. There it introduces trap levels which cause the reduction in V oc .
The threshold temperature (∼250 • C) observed for the recrystallization process is in agreement with the findings of Kinsbron et. al 44 for Au contacts on (Al)GaAs. They describe a mechanism in which Au starts to alloy with Ga causing As to diffuse out. In the present study EDX analysis of the cells exposed to ALT at 300 • C indicate enhanced As concentrations at the top of the contact. Therefore it seems likely that the degradation of Cu/Au/GaAs contacts proceeds by a mechanism similar to the degradation mechanism described for Au/(Al)GaAs.
It appears that rapid Cu diffusion via grain boundaries introduced by recrystallization of Au and Cu with the GaAs contact layer causes a reduction in V oc at ALT temperatures above 250 • C. Below this temperature intermixing of the Au and Cu occurs but this process progresses so slowly that even after 1320h (55 days) at 200 • C (equal to 15 years at 100 • C at an E a of 0.70eV) no significant reduction in cell performance is observed. Further experiments at 200 • C should be conducted with thin-film solar cells in order to investigate whether Cu diffusion really is a problem for application of ELO solar cells in a solar panel for space applications. Potential solutions should be aimed at preventing the intermixing of Au and Cu.
Conclusions
In order to gain a better understanding of Cu induced performance degradation, GaAs solar cells with Au/Cu front contacts were exposed to accelerated life testing (ALT). Based on J-V and TEM analysis two degradation mechanisms can be discerned, one occurring at relatively low ALT temperatures and one occurring at higher ALT temperature. Initially the front contact microstructure of a solar cell consists of well defined GaAs, Au and Cu layers. After ALT at low temperatures (<250 • C) the Au and Cu layers intermix, eventually forming a completely intermixed Au/Cu layer with a diffuse Cu layer on top of it. This intermixing process has no significant impact on the J-V characteristics of the solar cells, even after ALT of 55 days at 200 • C (equal to 15 years at 100 • C at an E a of 0.70eV). At higher ALT temperatures (≥250 • C) intermixing of Au and Cu occurs more rapidly and also recrystallization of the metals with the GaAs contact layer takes place, yielding an intermixed Au/Cu layer at the top of the contact with a recrystallized metal/GaAs layer having distinct grains and well defined grain boundaries below it. Eventually the GaAs contact layer (almost) completely recrystallizes with the metals until the recrystallization process is blocked by the AlInP window. Via the grain boundaries in this recrystallized layer, Cu atoms can diffuse rapidly into the active layers of the solar cell, where they introduce trap levels and cause a decrease in V oc .
As the recrystallization process is highly unlikely to occur during operation in space, it is necessary that future experiments with both substrate based and thin-film cells are conducted at test temperatures well below 250 • C so as to gain a better understanding of degradation at relatively low temperatures. As the intermixing between Au and Cu also occurs at low temperatures and appears to be the first step in the high temperature degradation process, a potential solution to Cu diffusion should be aimed at stabilizing this interface. This can be done either by replacement of Cu with a metal that forms a stable interface with Au or by introducing a diffusion barrier which forms stable interfaces with both Au and Cu.
